Binge alcohol drinking, a risky pattern of alcohol consumption, has severe consequences toward health and well-being of an individual, his family, and society. Although, binge drinking has detrimental effects on sleep, underlying mechanisms are unknown. We used adult male C57BL/6J mice and exposed them to a single, 4-h session of binge alcohol self-administration, in stress-free environment, to examine neuronal mechanisms affecting sleep. We first verified binge pattern of alcohol consumption. When allowed to self-administer alcohol in a non-stressful environment, mice consumed alcohol in a binge pattern. Next, effect of binge drinking on sleep-wakefulness was monitored. While sleep-wakefulness remained unchanged during drinking session, significant increase in non-rapid eye movement (NREM) sleep was observed during 4 h of active period post-binge, followed by increased wakefulness, reduced sleep during subsequent sleep (light) period; although the timing of sleep onset (at lights-on) remained unaffected. Next, electrophysiological and biochemical indicators of sleep homeostasis were examined using sleep deprivation-recovery sleep paradigm. Mice exposed to binge drinking did not show an increase in cortical theta power and basal forebrain adenosine levels during sleep deprivation; NREM sleep and NREM delta power did not increase during recovery sleep suggesting that mice exposed to binge alcohol do not develop sleep pressure. Our final experiment examined expression of genes regulating sleep homeostasis following binge drinking. While binge drinking did not affect adenosine kinase and A1 receptor, expression of equilibrative nucleoside transporter 1 (ENT1) was significantly reduced. These results suggest that binge alcohol consumption-induced down-regulation of ENT1 expression may disrupt sleep homeostasis and cause sleep disturbances.
Binge alcohol drinking, a risky pattern of alcohol consumption, is highly prevalent in United States (Courtney and Polich 2009). A common misconception about binge drinking is that it is only limited to young students in college campuses. In fact, majority of binge drinkers in the United States are adults over the age of 26 (Naimi et al. 2003) . Because of its high prevalence and significant association with severe long-term health and social consequences, binge drinking is considered a major public health issue. This has led the National Institute on Alcohol Abuse and Alcoholism to re-define 'binge drinking'. According to the revised definition, binge drinking is a pattern of alcohol consumption that produces blood alcohol concentrations (BECs) greater than 80 mg/dl (NIAAA 2004) .
Binge alcohol drinking severely affects brain and behavior, and leads to severe sleep disruptions, impaired judgment, reduced psychomotor performance, cognitive deficits, impaired learning and memory (Courtney and Polich 2009) . However, the most dangerous consequence of binge drinking is its association with increased likelihood of substance abuse and alcohol dependency (Hingson et al. 2006) .
Strong clinical evidence suggest that sleep disruptions are among the most common and severe consequences of alcohol intake and the magnitude of severity increases with binge drinking (Brower 2001; Roehrs and Roth 2001; Vinson et al. 2010; Popovici and French 2013) . Approximately, 65% of binge drinkers report serious insomnia and associated sleep problems (Popovici and French 2013) . In addition, sleep disruptions are also associated with increased risk for substance abuse including alcoholism (Shibley et al. 2008) . It is estimated that, within United States, the cost of alcohol-related problems exceeds $180 billion, out of which more than $18 billion is associated with alcohol-related sleep disorders (Brower 2001) . How does binge alcohol consumption affect sleep regulation and cause sleep disruptions?
Sleep is regulated by two distinct, but interrelated processes: circadian and homeostasis (Borbely 1982) . The circadian process regulates the timing of sleep. The homeostatic process maintains a constancy of sleep. Prolonged wakefulness (sleep deficit) increases sleep pressure, which is dissipated by a compensatory increase in intensity (increased delta activity) and duration of sleep. In contrast, excessive sleep reduces sleep propensity (Borbely and Neuhaus 1979; Borbely et al. 1981; Tobler and Achermann 2007) . What sleep regulatory processes are affected by binge alcohol drinking?
We have previously observed that the adenosine and wakepromoting neurons of the basal forebrain (BF) may play a pivotal role in sleep-promoting effects of acute alcohol as well as in insomnia and associated sleep disturbances observed after alcohol dependence (Sharma et al. , 2017 Thakkar et al. 2010b) . Since adenosine and wakepromoting BF are implicated in homeostatic regulation of sleep, we hypothesized that binge alcohol drinking will cause sleep disturbances, disrupt sleep homeostasis, and alter the expression of genes involved in the regulation of sleep homeostasis.
Materials and methods

Animals
Adult male C57BL/6J mice (22-25 g; N = 47; RRID: IMSR_JAX:000664, Jackson Laboratories, Bar Harbor, ME, USA) were used in this study. All experimental procedures were carried out after animals had recovered from transportation stress and habituated to the new environment and reversed 12 : 12-h dark-light cycle (dark onset = 10.00 AM) for at least 2 weeks.
Once the animals were habituated, they were housed individually, with appropriate enrichment, in sleep recording cages [similar to normal shoebox home cages except taller (height = 10") with open top, and a grommeted hole on one (shorter) side of the cage for dispensing water or alcohol via 15 mL bottles fitted with metal sipper tubes] during the entire experiment. Ambient 22-25°C with ad libitum access to standard laboratory chow and water (except during alcohol exposure) was maintained during the entire experiment. All experimental procedures met NIH guidelines for appropriate care and use of animals in research. All protocols were approved by local committees at Harry S. Truman Memorial Veterans' Hospital (Subcommittee for Animals Safety Protocol #202). The study was not pre-registered.
Chemicals and reagents
Ethyl alcohol (200 proof; Cat#BP28184) purchased from Fisher Scientific, was diluted to 20% (v/v) in tap water for the use in this study. All salts used for preparation of artificial cerebrospinal fluid (NaCl 147 mM, KCl 3 mM, CaCl2 1.2 mM, MgCl2 1.0 mM; pH 7.2) were purchased from Fisher Scientific. Stainless steel screws (00-70, Antrin miniature specialties, Fallbrook, CA, USA), insulated stainless steel wire (32G, Cat#AS-632, Cooner wire, Chatsworth, CA, USA), and dual pin socket (Conn Socket cont crimp 24-20AWG, Cat#626-1361-ND, Digikey, Thief River Fall, MA, USA) were used to fabricate sleep recording electrodes. Acrylic base (Cat#TP16-05) and liquid, Cat#TL3200) were mixed together as per manufacturer's (Yates Motloid Company; Chicago, IL, USA) instructions to make dental cement, which was used for securing the head implant (sleep recording electrodes and guides cannulas) on the skull. Adenosine (Cat#A9251) purchased from Sigma (St. Louis, MO, USA) was used as a pure standard for adenosine assay.
Inclusion and exclusion criteria BEC values of ≥ 80 mg/dL achieved by animals after binge alcohol consumption was an inclusion criteria. Exclusion criteria included mice with noisy, undecipherable sleep recordings and missed target sites. However, in this study, since all animals satisfied the inclusion/exclusion criteria, all animals (N = 47) were included. No animal was excluded.
Experimental design and statistical analysis A priori power analysis [based on our preliminary data; a = 0.05; power ≥ 0.9; ] was performed for each experiment [G*Power; (Faul et al. 2007) ] to calculate the sample size. All subsequent statistical analyses were performed by Prism software (Graphpad Software, Inc., La Jolla, CA, USA).
Five experiments were designed to test our hypothesis (see Fig. 1 for timeline). The first experiment verified binge pattern of alcohol self-administration using correlation analysis coupled with t-test. The second experiment (within-subject design; paired t-test) monitored effects of binge alcohol consumption on sleep-wakefulness. The third and fourth experiments [between-group design; unpaired ttest and two-way repeated measures ANOVA (two-way RM-ANOVA)] evaluated the effects of binge alcohol consumption on electrophysiological and biochemical indicators of sleep homeostasis. The fifth experiment examined expression of genes (between-group design; unpaired t-test) controlling sleep homeostasis. Online Graphpad randomization calculator was used to assign mice to different groups in experiment 4 and 5. All offline sleep scoring was performed blindly. All control and experimental protocols were performed in parallel and repeated three times.
Experiment 1: Validation of binge pattern of alcohol consumption Our first experiment validated binge pattern of alcohol drinking in C57BL/6J mice. The criterion used was that mice should voluntarily and orally self-administer sufficient amount of alcohol in a nonstressful condition within a limited period of time to achieve BEC ≥ 80 mg/dL as specified by the NIAAA (NIAAA 2004).
Binge alcohol consumption. We used the modified version of 'drinking in the dark' procedure (Rhodes et al. 2005) as described by Mulligan et al. (2011) . The protocol in brief: 3 h after dark onset, the animals were weighed. The water bottle from each cage was replaced by pre-weighed alcohol bottle. The animals were allowed to voluntarily, self-administer alcohol for 4 h. Subsequently, alcohol bottle was replaced with previously removed water bottle. The alcohol bottle was weighed to calculate the amount of alcohol consumed (g/Kg body weight).
Blood alcohol concentration (BEC) measurement. Immediately after measurement of alcohol consumption, mice were removed from their cages and a small amount (~25 lL) of blood was removed from the tail vein for BEC measurement (0 h). Subsequently, mice were returned back to their cages and left undisturbed until light onset (5 h post-binge; 5 h), when another blood sample was collected. The collected blood sample was centrifuged to separate plasma and used for BEC analysis using alcohol measurement kit and as per manufacturer's instructions (Cat#273-30, Sekisui Diagnostics; Lexington MA, USA).
Experiment 2: Effect of binge alcohol consumption on sleep-wakefulness Surgery. Under standard surgical procedure, mice were stereotaxically implanted with electrodes to record electroencephalogram (EEG) and electromyogram (EMG) as previously described (Sharma et al. 2014a ) using isoflurane (1-3%,) anesthesia. The advantage of using isoflurane as an anesthetic agent is rapid induction and recovery from anesthesia. Also, the level of anesthesia can be rapidly changed, if necessary. The protocol in brief: two screw electrodes were implanted on the skull [AP = P 2.2 mm; ML = AE1.5 mm relative to bregma; (Franklin and Paxinos 2008) ] to record EEG. One indifferent electrode (ground) was implanted on one side of the nasal suture (AP = A 2.5 mm; ML = 1.5 mm, relative to bregma). Three flexible wire electrodes were implanted in the neck (nuchal) muscle to record the EMG. The EEG and EMG electrodes were connected to a six-hole multichannel electrode Fig. 1 Describes the timeline of each experiment. All numbers below black and white bars describes time (military). Black bar represents dark period and white bar represents light period. Drinking [water/ alcohol (EtOH)] period (4 h) started at 13 : 00 (3 h after the dark onset) and ended at 17 : 00 in all the experiments. In Experiment 1, blood ethanol concentration (BEC) was measured at 17 : 00 and 22 : 00. In Experiment 2, sleep-wakefulness was recorded for 21 h (between 13 : 00 and 10 : 00). In Experiment 3, sleep deprivation (SD) was performed for 6 h (between 4 : 00 and 10 : 00) and mice were allowed to recover sleep for 3 h (between 10 : 00 and 13 : 00). Sleepwakefulness was recorded for 9 h (between 4 : 00 and 13 : 00). In Experiment 4, adenosine (AD) levels in the basal forebrain (BF) were analyzed during 4 h of binge alcohol consumption in the dark (between 13 : 00 and 17 : 00) and during SD in the light (between 4:00 and 10:00) period. In Experiment 5, mice were euthanized at 22 : 00 following binge alcohol consumption and gene expressions were analyzed.
pedestal (MS363, Plastics One Inc, Roanoke, VA, USA). The entire assembly was anchored and secured to the skull with dental cement. The animals were monitored until ambulatory and then after, on daily basis during the entire experiment. Flunixin (25 mg/Kg; Merck, Germany) was used as an analgesic and administered subcutaneously every 12 h for alleviating post-operative pain. Bacitracin ointment (Taro Pharmaceuticals, Hawthorne, NY, USA) was used as a topical antibiotic post-surgery.
Post-operative recovery and habituation. Following 1 day of postoperative recovery, each mouse was tethered to a six-channel electrical swivel via a light weight recording cable (Plastics One Inc., Roanoke, VA, USA) that minimally interfere with animal movements and allowed to habituate to the recording setup for 7-10 days (Thakkar et al. 2008b) . On completion, the experiment was begun.
Baseline day. Three hours after dark onset, each water bottle was replaced by a new water bottle (to mimic bottle changes that occur on binge drinking day) along with the initiation of sleep recording. After 4 h, the new water bottle was replaced with the original water bottle. Sleep was continuously recorded until dark onset of the following day (Total = 21 h).
Binge drinking day. The binge drinking protocol was performed as described for Experiment 1 except that electrographic recording of sleep-wakefulness was initiated along with alcohol exposure and continued for 21 h. On completion, the animals were killed.
Sleep recordings. The electrographic recording of sleep-wakefulness was performed with a 16 channel, bipolar Physiodata Amplifier System (Model 15LT; Grass Technologies, West Warwick, RI, USA) and 4 Quad Neuroamplifiers (Model 15A54). The EEG signal was recorded differentially from two bilateral skull electrodes with high-pass filter settings at 0.3 Hz and low pass filter settings at 100 Hz. Similarly, the EMG signal was recorded differentially from two bilateral implanted electrodes in the nuchal muscle and filtered between 30 and 300 Hz. In addition, both EEG and EMG signals were filtered at 60 Hz with a notch filter Sharma et al. 2014b ).
Analysis of sleep-wakefulness. Sleep-wakefulness data were visually scored in 10 s epochs (SleepSign; Kissei Comtec, Japan) into three states: 1) Wakefulness (which included both active and quiet wakefulness), Non-rapid eye movement (NREM) sleep, and Rapid eye movement (REM) sleep. Wakefulness was determined by the presence of low amplitude, high-frequency desynchronized EEG with the concomitant presence of active muscle tone. NREM sleep was determined by the presence of low frequency, high amplitude, synchronized EEG with low EMG tone; and REM sleep was determined by complete absence of muscle tone along with desynchronized EEG (Sharma et al. , 2018 Thakkar et al. 2010b) .
Time spent in sleep-wakefulness was calculated by grouping data into three bins: (i) During binge drinking (4 h), (ii) post-binge during dark period (4 h), and (iii) post-binge during light period (12 h) and used for further analysis.
Sleep onset latency (amount of time between light onset and first 60 s non-interrupted bout of NREM sleep) was calculated after completion of binge alcohol drinking and after light onset. In addition, bout frequency, and average duration of each bout (for all three states) were also determined for 4 h of dark period and 12 h of light period post-binge.
Spectral analysis was performed (SleepSign, Kissei Comtec, Nagano, Japan). Artifact-free wake epochs were sampled during 4 h of binge drinking period to examine theta activity (5-9 Hz; indicator of sleep pressure). Similarly, artifact-free NREM sleep epochs were sampled during 12 h of light period Thakkar et al. 2010a ) to examine NREM delta power (1-4 Hz; indicator of sleep quality) .
Experiment 3: Effect of binge drinking on electrophysiological indicators of sleep homeostasis Sleep deprivation followed by recovery sleep is an essential paradigm to study the homeostatic mechanisms regulating sleep-wakefulness. During sleep deprivation, increase in the frequency of NREM sleep bouts and wake theta power indicate sleepiness or buildup of sleep pressure. During recovery sleep, dissipation of sleep pressure is indicated by a reduction in latency to recovery sleep, increase in time spent in NREM sleep, and increase in NREM delta power (Vyazovskiy and Tobler 2005; Porkka-Heiskanen and Kalinchuk 2011; Porkka-Heiskanen 2013; Cui et al. 2015; Thakkar et al. 2015) . Thus, our third set of experiments monitored the effects of binge alcohol drinkingonindicators of sleep homeostasis during sleep deprivation and recovery sleep.
Experimental protocol. Mice were surgically implanted with sleep recording electrodes as described above. Following post-operative recovery and habituation, the animals were randomly divided into two groups: Controls and EtOH. Online GraphPad randomization calculator was used to assign mice to different groups. Mice in EtOH group were subjected to binge alcohol-drinking protocol (as described above). Controls were exposed to water with bottle changes to mimic binge alcohol drinking conditions. Sleep deprivation was performed during the last 6 h of the light period (11 h post-binge). Mice were sleep deprived by the gentle handling procedure as described previously (Thakkar and Mallick 1991; Thakkar et al. 2003 Thakkar et al. , 2008a Sharma et al. 2010a) . Following sleep deprivation, mice were left undisturbed and allowed to recovery sleep for 3 h. Electrographic recording of sleepwakefulness was initiated at the onset of sleep deprivation and continued until the end of recovery sleep.
Data analysis. The following parameters were examined: (i) Frequency of NREM sleep bouts during 6 h of sleep deprivation; (ii) Wake theta power (4-9 Hz) -artifact-free, wakefulness epochs were sampled during first 2 h (hours 1 and 2) and last 2 h (hours 5 and 6) of sleep deprivation to calculate wake theta power; (iii) Latency to recovery sleep -amount of time to fall asleep (60 s noninterrupted bout of NREM sleep) after completion of sleep deprivation; (iv) Amount of time spent in sleep-wakefulness during recovery sleep; (v) NREM delta power (1-4 Hz) -artifact-free, NREM epochs were sampled during 3 h of recovery sleep Thakkar et al. 2010a ).
Experiment 4: Effect of binge alcohol drinking on biochemical indicator of sleep homeostasis Strong evidence exists to suggest that adenosine in the BF region has a pivotal role in sleep homeostasis (Thakkar et al. 2003; Brown et al. 2012; Porkka-Heiskanen 2013) . Therefore, our fourth set of experiment examined adenosine release, both during binge alcohol consumption, and during sleep deprivation following binge alcohol consumption.
Experimental protocol. Under standard surgical procedure (as described above), mice were implanted with a unilateral microdialysis cannula (CXG-X; Eicom Corp, San Diego, CA, USA; 1 mm above the target site) into the BF [target coordinates for microdialysis probe tip: AP = +0.14; ML = +1.3; DV = À5.7 (Franklin and Paxinos 2008) ] along with two anchor screws and a dummy electrode pedestal (MS363, PlasticsOne). The entire assembly was anchored and secured to the skull with dental cement and stylet was inserted into the guide. On completion, mice were closely monitored until ambulatory. Flunixin and Bacitracin ointment were used as described previously. Following post-operative recovery, mice were tethered to a recording cable (connected between the dummy pedestal and the swivel used for supporting microdialysis lines) and allowed to habituate as describe above. Next, microdialysis probe (CX-1-8-02, 2 mm membrane length, 0.22 mm O.D; Eicom, San Diego, CA, USA) was inserted into the guide cannula as previously described (Thakkar et al. 2003; Sharma et al. 2010b Sharma et al. , 2014b . After connecting microdialysis inline and outline to the probe, the flow through the probe was verified. Next, the outline was connected to a collection vial; inline was connected to a microdialysis pump (Model KDS250, KD Scientific Holliston, MA, USA) and artificial cerebrospinal fluid perfusion was begun with a flow rate @ 0.7 lL/ min. After allowing 8-10 h for probe insertion recovery and equilibrium at the probe tip, the experiment was begun.
Mice were divided into two groups: Control and EtOH. Controls were exposed to water; mice in the EtOH group were exposed to binge alcohol drinking as described above. Microdialysate samples were collected every 60 min (irrespective of behavioral state) during 4 h of binge alcohol drinking period, stored in ice until analyzed by HPLC as described previously (Sharma et al. ,b, 2014b . Subsequently, animals were left undisturbed until sleep deprivationduringthe last 6 h of the light period (as described above). Microdialysate samples were collected every 60 min during 6 h of sleep deprivation and stored in ice.
Measurement of extracellular adenosine. Adenosine separation and quantification was performed by high performance liquid chromatography (HPLC) coupled with UV detector, using the principle of liquid chromatography as described previously (Porkka-Heiskanen et al. 1997; Sharma et al. 2010a Sharma et al. ,b, 2014b . A 10 lL of microdialysis sample was injected into the HPLC and carried through mobile phase (8 mM NaH 2 PO 4 containing 12% methanol, pH = 4) at a flow rate of 0.5 ml/min. Adenosine was separated out with a column (Inertsil ODS-4, 3 lm, 150 9 2.1 mm, GL Sciences Inc., Torrance, CA, USA), and detected by a UV detector (Model SPD20, Shimadzu Scientific Instruments, Columbia MD) at 258 nm wavelength. Chromatogram data were acquired and analyzed by PowerChrom 280 system (eDAQ Inc, Colorado Springs, CO, USA). Adenosine peak in the sample was identified and quantified by comparing its retention time and area under the peak to pure known amounts of external adenosine standard.
Histology and ChAT IH. On completion, the animals were killed, brains removed, and post-fixed in the same fixative overnight and stored in 20% sucrose at 4°C until equilibrated. Next, brains were blocked to isolate the BF region and sectioned into three series of 40 lm coronal sections (freezing microtome; Reichert Scientific Instruments, NY, USA). One out of every three section was processed for choline acetyltransferase immunohistochemistry using choline acetyltransferase antibody (RRID: AB_2079751, Cat#-AB144P, Millipore) as described previously (Thakkar et al. 2003; Sharma et al. 2010a Sharma et al. , 2015 .
Experiment 5: Effects of binge drinking on the expression of gene regulating sleep homeostasis The three major genes implicated in the regulation of adenosinergic tone in the BF are: (i) Equilibrative nucleoside transporter 1 (ENT1); (ii) adenosine A1 receptor (A1R), and (iii) adenosine kinase (ADK) (Dunwiddie and Masino 2001; Thakkar et al. 2003; Palchykova et al. 2010; Boison 2013; Kim et al. 2015) . Thus, we examined the effect of binge alcohol drinking on the expression of ENT1, A1R, and ADK in the BF.
Experimental protocol. Mice were divided into two groups: Controls and EtOH. The controls were exposed to water; mice in the EtOH group were exposed to binge alcohol drinking for 4 h as described above. On completion, mice were left undisturbed until killed during the last hour of the dark period. Subsequently, brains were immediately removed and the BF was rapidly dissected out and flash-frozen on dry ice-alcohol bath. The BF dissection was carried out with Zivic coronal brain slicer matrix (Zivic Instruments, Pittsburg, PA, USA; Model BSMAA001-1). A 1.0 mm section corresponding to the antero-posterior (AP) coordinates of 0.86 to À0.22 (Franklin and Paxinos 2008) was cut and a 0.9 mm diameter tissue block (containing the horizontal diagonal band, substantia innominata, and magnocellular preoptic nucleus) was punched out under visual control with optic chiasm, anterior commissure, and third ventricle as landmarks. The frozen dissected tissue was further processed for RNA extraction (RNeasy mini Kit; Qiagen, Valencia, CA, USA), cDNA preparation (ImProm-II Reverse Transcription System; Promega, Madison, WI, USA), and quantitative real-time (RT)-PCR as described previously (See Table 1 for primer sequences). The RT-PCR was performed with iQ5 RT-PCR Detection System using IQ TM SYBR Green kit (Bio-Rad Laboratories, Hercules, CS, USA). The relative change in mRNA expressions between controls and binge drinking group was calculated by the 2 ÀDCt method (Chen et al. 2006; Schmittgen and Livak 2008; Vij et al. 2008; Sharma et al. 2010a) . Primer specificity was confirmed by melting curve analysis and gel electrophoresis ).
Statistical analysis
Experiment 1
Pearson's correlation followed by t-test was used to examine the linear relationship between binge alcohol consumption (g/Kg body weight) and BEC (mg/dL).
Experiment 2
Two-way RM-ANOVA [within subject = time, (two levels; hour 1 and hour 4); between subject = treatment (two levels; Baseline and alcohol)] was used to examine the effect of binge alcohol drinking on theta power in wakefulness. Paired t-test was used to examine the effect of binge alcohol drinking on sleep onset latency; time spent in sleep-wakefulness and NREM delta activity during 4 h of dark period and during 12 h of light period post-binge.
Experiment 3
Two-way RM-ANOVA [within subject = time, (two levels; first 3 h and last 3 h); between subject = treatment (two levels; Control and EtOH)] was used to examine the effect of binge alcohol drinking on NREM sleep bouts during sleep deprivation. Two-way RM-ANOVA [within subject = time, (two levels; first 2 h and last 2 h); between subject = treatment (two levels; Control and EtOH)] was used to examine the effect of binge alcohol drinking on theta power in wakefulness during sleep deprivation. Unpaired t-test was used to examine the effect of binge alcohol drinking on latency to recovery sleep, amount of time spent in NREM sleep, and NREM delta power during recovery sleep.
Experiment 4
Unpaired t-test was used to examine the change in adenosine levels in the BF during 4 h of binge alcohol drinking as compared to controls. Two-way RM-ANOVA [within subject = time, (two levels; first 2 h and last 2 h); between subject = treatment (two levels; Control and EtOH)] was used to examine the effect of binge alcohol drinking on adenosine release during sleep deprivation post-binge.
Experiment 5
Unpaired t-test was used to examine the effect of binge alcohol drinking on the expression of genes mediating sleep homeostasis.
Results
Experiment 1: C57BL/6J mice displayed binge pattern of alcohol consumption One group of nine mice was used in this experiment. Mice, allowed to voluntarily and orally self-administer alcohol in a non-stressful environment, consumed 4.84 (AE 0.3) [Mean AE (SEM)] g/kg of alcohol during 4 h of exposure with mean (AE SEM) BEC = 121.5 (AE 9.8) mg/dL. All mice were included. A significant (r = 0.9; p = 0.0004; N = 9; Pearson Correlation) linear relationship was observed between the amount of alcohol consumed and BEC measured immediately after alcohol consumption. At light onset, 5 h post-binge, BEC was reduced to a mean (AE SEM) = 2.65 (AE 1.1) mg/dL (Fig. 2) . Measurement of BEC requires disturbing the animal and removal of blood, which affects sleep. Thus, we did not measure BEC in the subsequent experiments instead; we extrapolated BEC values for each animal based on the amount of alcohol consumed, since BEC values were linearly correlated with the amount of alcohol consumed (Table 2 ).
Experiment 2: Binge drinking induced sleep-wake disruptions G*Power analysis conducted after preliminary experiment (paired t-test; a = 0.05; power = 0.9) revealed an effect size = 1.7 and suggested a minimum of N = 6 mice. Thus, we used one group of six mice for this experiment.
Alcohol consumption
Mean AE SEM alcohol consumption (g/Kg; N = 6) = 4.4 AE 0.2. The calculated BEC values are described in Table 2 . All six mice displayed BEC > 80 mg/dL suggesting the binge pattern of alcohol drinking.
Dark period
Sleep-wakefulness during binge drinking. Paired t-test analysis revealed that the amount of time spent in sleepwakefulness [d.f. = 5; wakefulness t = 0.3; NREM sleep t = 0.2; REM sleep t = 0.8] during binge alcohol drinking was comparable to sleep-wakefulness during water Table 1 The consumption on the previous day (Table 3) . However, statistical analysis (two-way RM-ANOVA) suggested a significant main effect of time [F(1, 10) = 5.2; p = 0.045] and interaction [(F(1, 10) = 5.9; p = 0.03] on wake theta power during alcohol consumption. Bonferroni's post hoc test revealed that while mice exposed to water had comparable theta power during hour 1 and hour 4, mice during alcohol exposure showed significant (p < 0.05) increase in the wake theta power during the hour 4 of alcohol consumption as compared hour 1 (Fig. 3a) . This is suggestive of increased sleep pressure, during alcohol consumption.
Sleep-wakefulness during 4 h of dark period post-binge. As compared to post-water consumption on the previous day, a significant reduction was observed in sleep onset latency (t = 4.93; d.f. = 5; p = 0.004) (Fig. 3b) . While time spent in wakefulness (t = 3.0; d.f. = 5; p = 0.03) was reduced during 4 h of active period post-binge, a significant increase in NREM (t = 2.9; d.f. = 5; p = 0.03) and REM (t = 3.4; d.f. = 5; p = 0.02) sleep was observed (Fig. 3c) . Alcoholinduced increase in REM sleep was mainly because of increased REM bout frequency; increase in NREM sleep was mainly because of increased bout duration suggesting that binge alcohol consumption resulted in the NREM sleep consolidation (Table 4) . NREM delta power values were comparable (t = 1.27; d.f. = 5; p = 0.25; paired t-test), between binge alcohol (Mean AE SEM = 0.017 AE 0.001) and water consumption (Mean AE SEM = 0.016 AE 0.001) days, during 4 h of active period post-binge.
Light period
Sleep-wakefulness during 12 h of light period post-binge. Sleep onset latency was comparable (t = 0.67; d.f. = 5; p = 0.5; paired t-test) between binge alcohol drinking day (Mean AE SEM = 6.8 AE 2.3) and water day (Mean AE SEM = 8.5 AE 2.1). However, binge alcohol consumption caused a significant (t = 3.3; d.f. = 5; p = 0.02; paired t-test) increase in the amount of time spent in wakefulness coupled with a concomitant (t = 2.8; d.f. = 5; p = 0.04; paired t-test) decrease in NREM sleep during 12 h of light period. REM sleep displayed a trend level decrease (t = 2.4; d.f. = 5; p = 0.06; paired t-test; Fig. 4a ). Temporal distribution (4 h bins) of wakefulness (Fig. 4b) , NREM (Fig. 4c) , and REM sleep (Fig. 4d ) during 12 h of light period post-binge is described. Alcohol-induced increase in wakefulness was mainly due to an increase in the duration of wakefulness bouts; reduction in NREM sleep was mainly due to a decrease in the duration of NREM sleep bouts (Table 5) NREM delta power values were comparable (t = 1.27; d.f. = 5; p = 0.25; paired t-test), between binge alcohol (Mean AE SEM = 0.017 AE 0.001) and water consumption (Mean AE SEM = 0.016 AE 0.001) days, during 12 h of light period post-binge.
Experiment 3: Binge drinking disrupts sleep homeostasis G*Power analysis conducted after preliminary experiment (unpaired t-test; a = 0.05; power = 0.9) revealed an effect size = 2.77 and suggested a minimum of N = 4 mice/group. Thus, we used two groups and 10 mice (five mice for control group and five mice for EtOH group) for this experiment.
Alcohol consumption
Mice in the EtOH group consumed (Mean AE SEM) 4.6 AE 0.3 g/Kg of alcohol. The calculated BEC values are described in Table 2 . All animals displayed BEC > 80 mg/dL suggesting the binge pattern of alcohol drinking. (Fig. 5a ) suggesting that as compared to controls, mice in the EtOH group were less sleepy. Bonferroni's post hoc test revealed that while controls displayed a significant (p < 0.01) increase in theta power during the last 2 h of sleep deprivation as compared to first 2 h, no such increase was observed in EtOH group (Fig. 5b) . These results suggest that EtOH group did not develop sleep pressure during sleep deprivation.
Indicators of sleep homeostasis during sleep deprivation
Indicators of sleep homeostasis during recovery sleep
As compared to controls, mice in the EtOH group showed a significant increase in latency to recovery sleep (t = 2.33; d.f. = 8; p = 0.048; unpaired t-test; Fig. 5c ). While time spent in NREM sleep was significantly (t = 2.8; d.f. = 8; p = 0.02; unpaired t-test) reduced, time spent in wakefulness was significantly (t = 2.6; d.f. = 8; p = 0.03; unpaired t-test) increased during 3 h of recovery sleep. REM sleep remained unaffected (t = 0.5; d.f. = 8; p = 0.6; unpaired t-test; Fig. 5d ). NREM delta power during recovery sleep was also significantly (t = 4.3; d.f. = 14; p = 0.002; unpaired t-test) reduced in binge group as compared to controls (Fig. 5e ).
Experiment 4: Binge drinking affects extracellular adenosine in the basal forebrain G*Power analysis conducted after preliminary experiment (unpaired t-test; a = 0.05; power = 0.9) revealed an effect size = 4.2 and suggested a minimum of N = 3 mice/group. We used two groups and 10 mice (five mice for control group and five mice for EtOH group) for this experiment. 
Alcohol consumption
Mice in the EtOH (N = 5) group consumed (Mean AE SEM) 4.7 AE 0.2 g/Kg of ethanol. The calculated BEC values are described in Table 2 . All animals displayed BEC > 80 mg/ dL suggesting the binge pattern of alcohol drinking.
Histology
Representative photomicrographs illustrating localization of microdialysis probe site in the cholinergic BF of control (N = 5; Fig. 6a) and EtOH (N = 5; Fig. 6b ) mice is described. All probes sites were localized in the nuclei of BF (substantia innominata, horizontal diagonal band, and magnocellularis preoptic) implicated in homeostatic sleep regulation.
Adenosine levels during binge alcohol drinking Mice in the EtOH group displayed a significant (t = 2.4; d.f. = 8; p = 0.04; unpaired t-test) increase in BF adenosine level during 4 h of binge alcohol drinking as compared to controls (Fig. 6c) . The inset in Fig. 6c described adenosine chromatograms. These results suggest that 4 h of binge alcohol drinking increases adenosine levels in the BF. While controls displayed a significant increase (p < 0.01) in BF adenosine levels during last 2 h as compared to first 2 h (Bonferroni's post hoc test), mice in the EtOH group showed comparable BF adenosine levels during first and last 2 h during sleep deprivation post-binge (Fig. 6d ).
Experiment 5: Binge drinking down-regulates ENT1 expression in the BF G*Power analysis conducted after preliminary experiment (unpaired t-test; a = 0.05; power = 0.9) revealed an effect size = 2.3 and suggested a minimum of N = 6 mice/group. Thus, we used two groups and 12 mice (six mice in control group, six mice in EtOH group) for this experiment.
Alcohol consumption
During 4 h of alcohol exposure, mean (AESEM) alcohol consumption in six mice = 5.2 (AE0.22) g/kg. The Panel (a) While frequency of NREM bouts was comparable during first half of sleep deprivation, a significant reduction in frequency of NREM bouts was observed in EtOH group as compared to controls during the second half of sleep deprivation. Panel (b) Controls displayed a significant increase in wake theta power during the last 2 h as compared to first 2 h. However, no such increase was observed in mice exposed to binge alcohol drinking (EtOH group). Panel c: As compared to controls, mice in EtOH group displayed a significant decrease in latency to recovery sleep. Panel d: As compared to controls, mice in the EtOH group displayed a significant reduction in NREM sleep and a significant increase in wakefulness during recovery sleep. REM sleep remained unaffected. Panel (e): During 3 h of recovery sleep, the NREM delta power was significantly reduced in the EtOH group as compared to the controls. *p < 0.05; **p < 0.01. We used two groups and 10 mice (five mice for control group and five mice for EtOH group) in this experiment. EtOH group = Binge drinking group; Control = water drinking group.
calculated BEC values are described in Table 2 . All six mice in EtOH group displayed BEC > 80 mg/dL suggesting the binge pattern of alcohol drinking ( Table 2) .
Effect of binge alcohol drinking on expression of genes regulating adenosinergic tone As compared to controls (N = 6), mice in the EtOH group displayed a significant reduction (t = 2.8; d.f. = 10; Representative photomicrographs depicting the localization of microdialysis probe (evident by the presence of a lesion indicated by arrowheads) in the cholinergic (evident by presence of ChAT +ve cholinergic neurons indicated by small arrows) zone of the basal forebrain in mouse exposed to water (Panel a) and mouse exposed to binge alcohol drinking (Panel b). Panel (c) As compared to controls, mice exposed to binge alcohol drinking (EtOH group) displayed a significant increase in adenosine levels in the basal forebrain (BF).
Inset in Panel (c) describes chromatograms of pure adenosine (50 nmol/L) standard; adenosine collected from the BF of mice exposed to water and binge alcohol consumption. Panel (d): Controls displayed a significant increase in BF adenosine levels during last 2 h of sleep deprivation as compared to first 2 h. In contrast, no such increase was observed in EtOH group mice. *p < 0.05; **p < 0.01. We used two groups and 10 mice (five mice for control group and five mice for EtOH group) in this experiment. EtOH group = Binge drinking group; Control = water drinking group. 
Discussion
It is well established that a binge alcohol consumption causes sleep disruption (Courtney and Polich 2009) . However, underlying neuronal mechanisms mediating the effects are unknown. In this study, we have observed that a single episode of binge alcohol drinking disrupts sleep, impairs sleep homeostasis, and down-regulates the expression of ENT1 in the BF region. We believe our study is the first study to examine the effects of a single episode of binge alcohol on the homeostatic regulation of sleep-wakefulness. The C57BL/6J mice display binge pattern of alcohol drinking, very similar to binge pattern of drinking in humans. They self-administer high amounts of alcohol in relatively short period of time mainly for its intoxicating effects, and not simply for taste or caloric fulfillment (Sprow and Thiele 2012) . The 'drinking in the dark' (DID) procedure is relatively simple and extensively used to examine binge alcohol drinking in mice. This paradigm has high face validity in mimicking human binge drinking (Rhodes et al. 2005; Kamdar et al. 2007; Boehm 2009, 2011; Moore and Boehm 2009; Linsenbardt et al. 2011; Melon and Boehm 2011; Mulligan et al. 2011; Sharma et al. 2014a) . Furthermore, this method is ideally suited for examining effects of binge alcohol drinking on sleepwakefulness because mice are allowed to voluntarily, consume alcohol in a stress-free environment (their own home cage). Other methods such as gavage or intraperitoneal administration of alcohol require animal handling, involve pain, which is likely to stress the animal and affect its sleep. Although no pain is involved in the alcohol (vapor) inhalation method, it is difficult to conduct sleep monitoring during alcohol inhalation. Furthermore, the choice of 'not to drink' is unavailable in the vapor inhalation method. In contrast, in DID paradigm, although alcohol is the only source of fluid in DID procedure, mice do have a choice of not to drink; several strains of mice avoid alcohol or consume very little fluid in this paradigm without any major effects (Toth and Gardiner 2000; Crabbe et al. 2011) . Finally, with all other methods described above, it is difficult to mimic human binge alcohol consumption. Thus, based on these limitations of other methods and the validity of DID paradigm in mimicking human binge drinking, we chose to use the DID paradigm in this study.
We performed five experiments to examine the effects of voluntary binge alcohol drinking on the regulation of sleepwakefulness.
Our first experiment was designed to validate binge pattern of alcohol drinking in mice. All nine animals achieved BEC > 80 mg/dL after 4 h on binge alcohol consumption, which is in line with NIAAA definition of binge pattern of alcohol drinking (NIAAA 2004) . The BEC, achieved after 4 h of alcohol drinking, displayed significant linear relationship with the amount of alcohol consumed. BEC measurements was not performed in subsequent experiments because blood withdrawal procedure involves pain and stress, which can affect the outcome instead; since BEC values were linearly correlated with the amount of alcohol consumed, we extrapolated BEC for each animal based on the amount of alcohol consumed.
Our second experiment examined the effect of binge alcohol self-administration on the amount of time spent in spontaneous bouts of sleep-wakefulness. During alcohol consumption, while sleep-wakefulness remained unchanged, mice exposed to binge alcohol consumption, showed a buildup of sleep pressure as evident by increased wake theta during hour 4 of alcohol consumption as compared to hour 1. A robust sleep-promoting effect of alcohol was observed immediately after cessation of alcohol consumption during the subsequent 4 h of dark period as evident by a significant reduction in sleep onset latency (> 50%) along with a significant (> 30%) increase in NREM and REM sleep. Interestingly, while the quantity of sleep was increased, the quality of sleep, NREM delta power, remained unchanged, most likely, because mice consumed alcohol across 4 h during active period.
Binge alcohol-induced sleep promotion during the active period was followed by severe sleep disruptions during 12 h of normal sleep (light/inactive) period. Although sleep onset latency remained unchanged, wakefulness was increased; NREM and REM sleep were reduced. Fig. 7 As compared to controls, mice in the EtOH group displayed a significant reduction in ENT1 expression in the basal forebrain (BF). *p < 0.05. We used two groups and 12 mice (six mice in control group, six mice in EtOH group) for this experiment. EtOH group = Binge drinking group; Control = water drinking group.
Sleep is regulated by two distinct but interrelated regulatory processes: circadian and homeostatic (Borbely 1982; Landolt et al. 2004) . While circadian process regulates the timing of sleep onset; homeostatic process maintains sleep constancy and keeps track of changes in 'sleep pressure' or 'sleepiness' . Sleep pressure rises during wakefulness and decreases during sleep (Dijk and Czeisler 1995; Dijk and von Schantz 2005; Landolt 2008) .
Binge alcohol consumption resulted in sleep promotion during the active (dark) period followed by sleep disruptions during sleep (light) period. Is this because of binge alcoholinduced alteration in the circadian or homeostatic regulation of sleep?
Since sleep onset latency or timing of sleep at light onset remained unaffected, circadian regulation of sleep remained unaffected after binge alcohol consumption. Hence, we asked, does binge alcohol drinking affect sleep homeostasis? Our third experiment was designed to address this question.
Spontaneous sleep-wakefulness is not an ideal paradigm to examine sleep homeostasis. However, sleep deprivation, by gentle handling, followed by recovery sleep is a simple, reliable and extensively used method to examine homeostatic regulation. The buildup of sleep pressure can be evaluated by monitoring increase in BF adenosine levels and increase in wake theta activity during sleep deprivation. Dissipation of sleep pressure can be examined by measuring increase in quantity (reduced sleep latency and increased total time spent in sleep) and quality (increased NREM delta activity) of recovery sleep (Borbely and Achermann 1999; Finelli et al. 2000; Vyazovskiy and Tobler 2005; Zeitzer et al. 2006; Kalinchuk et al. 2008; Kaur et al. 2008; Landolt 2008; Porkka-Heiskanen 2013; Thakkar et al. 2015) . Thus, we chose to use sleep-deprivation-recovery sleep to examine the effects of binge alcohol consumption on sleep homeostasis.
Frequency of NREM sleep bouts and wake theta power were examined during sleep deprivation to monitor the build of sleep pressure; reduction in latency to recovery sleep; increase in NREM delta power and time spent in NREM sleep were examined during recovery sleep to evaluate the dissipation of sleep pressure in mice exposed to binge alcohol consumption. During sleep deprivation, waterconsuming controls displayed sleep pressure as evident by an increase in NREM bouts frequency and wake theta power during the second half of sleep deprivation period. However, no such effects were observed in mice exposed to binge alcohol consumption. Similarly, while controls showed a reduction in sleep onset latency, increase in amount of time spent in NREM sleep along with increase in delta power during recovery sleep, animals exposed to binge alcohol consumption showed no such effects. These results suggest that a single episode of binge alcohol consumption disrupts sleep homeostasis.
Clinical studies also suggest an interaction of alcohol with sleep homeostasis. For example, multiple sleep latency test, a diagnostic tool to measure sleepiness, has been used to measure changes in basal level of sleepiness enhanced by sedative effects of alcohol (Roth et al. 1988) . High homeostatic load (sleepiness) potentiates sedative effects of alcohol (Van et al. 2006) . A 60-min nap, to reduced homeostatic load, mitigated the sedative effects (as measured by multiple sleep latency test) of alcohol (Roehrs et al. 1993) .
Strong and convincing evidences exist to suggest that adenosine in the BF is a mediator of sleep homeostasis. Increased adenosine during sleep deprivation is correlated with increase in wake theta during sleep deprivation and NREM delta power during recovery sleep . Thus, our next experiment examined the effects of binge alcohol drinking on extracellular levels of adenosine in the BF during binge alcohol and during sleep deprivation following binge alcohol drinking. As described in Fig. 5 , BF adenosine levels showed a significant increase during alcohol consumption. However, while controls showed an increase in BF adenosine during sleep deprivation, mice exposed to alcohol did not show such increase. These results suggest that mice exposed to binge drinking displayed a blunted sleep homeostatic response.
Our next experiment examined the effects of binge alcohol drinking on the expression of three major genes, ENT1, A1R, and ADK, implicated in the regulation of adenosinergic tone in sleep homeostasis. (Porkka-Heiskanen et al. 1997; Thakkar et al. 2003; Palchykova et al. 2010) . Since binge alcohol drinking-induced sleep disruptions were observed during light period, we killed the animals during the hour before light onset. The results of this experiment suggested a significant reduction in ENT1 expression in the BF; other two genes (A1R and ADK) remained unaffected. These results are in line with previous studies that implicate ENT1 to play a major role in sleep as well as in the regulation of adenosine release during spontaneous conditions, sleep deprivation and after chronic alcohol exposure (Nagy et al. 1990; Porkka-Heiskanen et al. 1997; Alanko et al. 2003; Sharma et al. 2010a; Kim et al. 2015) . Interestingly, ENT1-null mice display a decreased adenosine levels and adenosinergic tone, increased alcohol consumption and reduced hypnotic (loss of righting reflex) response to alcohol (Choi et al. 2004; Nam et al. 2011) . These results are congruent and support the results of our studies.
There are some limitations of this study. We have only examined ENT1 mRNA expression in the cholinergic BF. Cholinergic mechanisms in the pedunculo-pontine tegmentum (PPT) region have been implicated in alcohol-induced sleep disruptions (Knapp et al. 2014 ). We have not examined PPT because PPT is mainly involved in the regulation of wakefulness and REM sleep. In addition, we have not examined ENT1 protein. Because of unavailability of good antibodies against ENT1, our laboratory is in the process of examining the expression of ENT1 by radio-ligand assay.
In summary, based on these results, we suggest that a single episode of binge alcohol drinking down-regulates ENT1 gene expression to impair sleep homeostasis resulting in sleep disruptions.
